Abstract. Mangrove forests are an integral part of tropical coastal ecosystems, particularly in northern Australia. In the Northern Territory, studies have determined the extent and species diversity of these associations but little is known of biomass or productivity. We sampled the above-and below-ground biomass of the four most abundant species, Avicennia marina, Bruguiera exaristata, Ceriops australis and Rhizophora stylosa, developed allometric relationships and examined partitioning. Unlike many other studies, we sampled below-ground biomass, which constituted a substantial proportion (0.29-0.57) of the total dry weight. Our results should be valuable in modelling potential changes in carbon allocation resulting from small-and large-scale ecosystem changes.
Introduction
Mangroves are abundant in tropical Australia and South-east Asia and are one of the most productive and important coastal communities in these regions (Kathiresan and Bingham 2001) . Their significance is frequently acknowledged, although the reasons for it vary among regions and many processes are incompletely understood (Kathiresan and Bingham 2001) . Despite this, mangrove habitats continue to be threatened by local, regional and, potentially, global changes (Kathiresan and Bingham 2001; Valiela et al. 2001) . Managing these communities requires information to understand and predict changes in ecosystem structure and function. Accurate estimates of biomass are important for describing the current state of mangrove forests and for predicting the consequences of change (e.g. in age-size structure or species composition). Further, such estimates are of considerable practical significance for modelling the potential consequences of climate change, and for national and international carbon accounting and monitoring requirements (e.g. Snowdon et al. 2002) .
Allometric relationships between standing biomass and diameter at breast height (DBH) have been reported by a number of researchers (e.g. Clough and Scott 1989; Clough et al. 1997; Ong et al. 2004) . Most often these relationships are calculated between DBH and above-ground biomass or its component parts (see Saenger 2002, especially tables 8.3 and 8.4 , for a comprehensive review). Limited literature is available which reports the allometric relationships between total tree biomass and DBH because few studies included the below-ground biomass portion. Studies have shown that the below-ground portion of mangrove biomass can be equivalent to ∼40-50% of the total standing biomass (Golley et al. 1962; Briggs 1977) . Relationships for individual species may also vary among sites (Clough et al. 1997; Eamus et al. 2000) , although Ong et al. (2004) reported 'almost uncanny' similarity for relationships for Rhizophora apiculata at different sites.
Darwin Harbour is a drowned river valley system, encompassing an area of ∼450 km 2 , located on the northeastern coastline of the Northern Territory (Woodroffe et al. 1988; Brocklehurst and Edmeades 1996) . In total, Darwin Harbour contains ∼20 000 ha of mangroves, and is recognised as being one of the largest discrete blocks of mangroves found in the Northern Territory, constituting about 5% of the total 4129 km 2 (Wightman 1989) . These mangroves have been described by Wightman (1989) as the most extensive and species rich of any Northern Territory (NT) embayment. Although no rare or endangered species have been found, Darwin Harbour contains 12 distinctive mangrove associations or communities (Brocklehurst and Edmeades 1996) and ∼36 of the 48 NT mangrove species (Wightman 1989) . The four commonest mangroves in the harbour are Avicennia marina, Bruguiera exaristata, Ceriops australis and Rhizophora stylosa and together these comprise ∼68% of the basal area in harbour forests (Brocklehurst and Edmeades 1996) .
The aims of this study were to establish allometric relationships for all tree components, especially below-ground biomass; compare relationships with other published work to examine differences among locations; and to explore changes in partitioning with size. Brocklehurst and Edmeades (1996) save that C. tagal is referred to here as C. australis; see Ballment et al. (1988) • 53 490 E) was located within the mangrove hinterland fringe adjacent to Northern Cement on East Arm and was dominated by one association, mixed species low closed-forests.
Methods

Study area and sites
Tree selection
Trees of the four species that appeared to be in good health and within the reach of an excavator were selected at each of the four sites. Individuals were selected to span the range of DBH reported by Brocklehurst and Edmeades (1996) for Darwin Harbour. DBH measurements were then recorded for each tree with the stems of each multi-stemmed tree being treated individually as in Clough et al. (1997) . DBH was recorded at ∼1.3 m above the substrate for each stem, or in the case of R. stylosa, above the highest prop-root when this arose from the stem at a height over 1.3 m. For A. marina, 22 stems (11 trees) were sampled, for B. exaristata, 10 stems (9 trees), for C. australis, 12 single-stemmed trees and for R. stylosa, six single-stemmed trees. Below-ground biomass was not sampled on all of these: replicates were 14 stems (8 trees), nine stems (8 trees), nine stems and five stems, for the four species, respectively.
Fresh weights of above-ground biomass
The tree processing methodologies developed by Clough and Scott (1989) and Clough et al. (1997) for above-ground mangrove biomass were used. Trees were divided into their separate portions: leaf, branch, stem, above-ground root (buttress material for B. exaristata and C. australis and prop roots for R. stylosa), common stem and common above-ground root. Each portion was then weighed on site to obtain total fresh weight measurements with a load scale with a digital read out. Weights were recorded to the nearest 100 g.
Fresh weights of below-ground biomass
High-pressure hoses and water pumps have been used to remove tree root systems for below-ground biomass studies (Singer and Hutnik 1965; Miller and Ng 1977; Hoffmann and Kummerow 1978) ; however, these methods have not, to our knowledge, been used in mangrove forests. A pilot study was done, based on the recommendations of Miller and Ng (1977) , using an excavator to dig a trench adjacent to the target trees to expose the roots and facilitate drainage. High-pressure water pumps and hoses were then used to remove mud from around the base of each tree. This procedure proved to be time consuming and not completely satisfactory. If drainage became impeded, excess water accumulated making the mud hard to dislodge and requiring extra drainage channels to be cut. Further, even with isolated trees, the spread of the root system made it nearly impossible to trace every root to its ultimate destination and the high water pressure destroyed roots smaller than about 1 cm in diameter.
To resolve these problems, the methodology was modified. Root balls were excavated and placed onto a large 25 mm × 25 mm sieve mesh table. This allowed access to the root system from all sides with excess mud and water draining away quickly and effectively. As it was very difficult to trace roots to their final destination, only roots occurring within a 2-m radius of selected trees were sampled. During the pilot most root material was found within the top 1 m of the soil profile, result similar to those of Lauff (1967) , who found most A. marina roots at 25-30 cm below the ground surface, and Komiyama et al. (2000) who found few roots below 30 cm. Thus, sampling of root material was limited to the top 1 m of the soil profile and to roots greater than 1 cm in diameter. As it was too time consuming to remove all the pneumatophores from A. marina, and all the knee roots for B. exaristata, these items were included in the below-ground biomass portion. Material was weighed as before.
For multi-stemmed trees (A. marina and B. exaristata) stem and below-ground biomass portions were established for each tree by partitioning a percentage of the common stem and common belowground biomass to each stem according to its relative diameter, as in Clough et al. (1997) .
Dry weight
Representative fresh weight subsamples (∼1 kg) of each biomass portion were placed into calico bags and weighed on site before being taken back to the lab and oven dried at 70-80
• C until they reached a constant weight. Fresh to dry weight ratios were then calculated and used to obtain total dry weight estimates for each biomass portion.
Allometric relationships
Allometric relationships were derived by linear regressions of log(dry weight) on log(DBH). Base-10 logarithms were used to facilitate comparisons with the results from other Australian studies (Clough and Scott 1989; Clough et al. 1997) . Recently, attention has been focussed on the bias that can occur with 'back-transformed' estimates of biomass from linear regressions of log-transformed data (Eamus et al. 2000; Ong et al. 2004) , although the problem has been known for some time (Baskerville 1972; Beauchamp and Olson 1973) . Alternative methods, of varying complexity, have been suggested to cope with this problem; however, at present, there seems to be no generally accepted procedure. For simplicity, ease of comparison with other studies, and because our main aim is to establish relationships, we have not used corrections in this study but we do report sufficient information for these to be made if required. It is, however, important to note that the magnitude of the bias decreases as the r 2 of the relationship increases. As the r 2 values we calculate are consistently high-those for above-ground and total biomass all exceed 0.94 (see Results)-bias in estimates of these components is likely to be relatively small.
Results
Biomass v. DBH
There were strong linear relationships for all species between all dry-weight tree components and DBH (Table 1 ; Fig. 1 ). Strongest regressions for all biomass portions, with the exception of stem biomass, were recorded within R. stylosa where the poorest r 2 , 0.92, was for below-ground biomass. above-ground root biomass and DBH within C. australis. The relationship for B. exaristata above-ground roots was also not strong (r 2 = 0.73); however, all other r 2 values were 0.80 or greater. A GLM (general linear model) was used to compare the relationship between total dry weight and DBH among species. An analysis including all species gave significant effects of species, DBH and their interaction (Table 2 ). When A. marina was excluded from the analysis, only DBH was Table 2 ), indicating that the relationship for this species differed from those of the other three species; the relationships of the latter species did not, however, differ significantly (and see Fig. 1 ).
Proportion of components v. DBH
Leaves and above-ground roots typically constituted only a small proportion, less than 0.10, of the total biomass (Table 3 ). R. stylosa was an exception, with above-ground roots representing a quarter of the total biomass. Proportion of stems was 0.19-0.40 of the total biomass, proportion of branches 0.15-0.23 and below-ground roots 0.29-0.57 of the total biomass. In all species, except B. exaristata, the proportion of the dry weight which was branch was positively correlated with log 10 (DBH) (Table 3; Fig. 2 ). In R. stylosa the proportion which was above-ground root was also positively correlated with log 10 (DBH). In A. marina, the total above-ground material was positively correlated with log 10 (DBH) but below-ground material was negatively correlated (Fig. 2) . Some other correlation coefficients were moderately large (Table 3) , although not significant, particularly for R. stylosa, but small sample sizes mean that these tests are not very powerful (power of a test for r = 0.7, with n = 6, is 37%).
Discussion
Strong allometric relationships between DBH and portion biomass, below-ground biomass, above-ground biomass and total tree biomass exist for the mangrove species A. marina, B. exaristata, C. australis and R. stylosa in the forests of Darwin Harbour. The relationships established between total tree biomass and DBH are the first to include an estimate of the below-ground biomass over a significant DBH range. As this was ∼30% or more of the total biomass, this is of some significance. These proportions, even for the species with the lowest proportion, R. stylosa (0.32), were considerably higher than the 0.05 (large trees) to 0.20 (small trees) reported by Ong et al. (2004) for R. apiculata in Malaysia. This probably represents species or environmental differences, as Ong et al. (2004) considered that they had recovered over 95% of root biomass.
Most patterns in partitioning of R. stylosa were broadly similar to those reported by Ong et al. (2004) for R. apiculata, except that the proportion of stem was much smaller in this study and did not increase in larger trees. Clough et al. (1997) also examined partitioning in R. stylosa but only in aboveground biomass. Our results, expressed just in terms of the above-ground biomass, were similar to theirs, except that the contribution of branches to biomass increased with DBH in our study, but did not in Clough et al. (1997) .
The relatively poor r 2 recorded for C. australis aboveground roots may be because the buttress structures of some trees had caused soil to accumulate, making it difficult to delineate below-ground biomass and above-ground root portions. A. marina had the poorest relationship between DBH and below-ground biomass and this was probably at least partially due to limiting below-ground biomass estimates to a 2-m radius. A. marina had the most expansive root system of the species studied and, as a consequence, the weights recorded underestimated the true below-ground biomass of the larger trees, and to a greater degree in this species than the others.
Environmental and biological variation within mangroves may be so great as to limit the extent to which results from one location can be extrapolated to another (Clough and Attiwill 1982) . In contrast to the findings of Ong et al. (2004) , there were differences, sometimes large, between the results of this and other studies (Table 4) , although we could compare only above-ground biomass. As might be expected, the differences among small trees of different species, and from different regions, were not large (Table 4 ). The main exception to this generalisation were small (5-cm DBH) R. mucronata which Table 4 . Comparison, for nine species of mangroves, of predicted biomass at three diameters at breast height (DBH)
To compare the relationships for related species, and for the same species in different regions, published allometric relationships were used to predict the biomass (kg) for small (5-cm DBH), medium (15-cm DBH) and large trees. Sources: Mexico: (Day et al. 1987) ; Northern Territory (NT): this study; Western Australia (WA): (Clough et al. 1997) ; Sri Lanka: (Amarasinghe and Balasubramaniam 1992) ; Queensland (Qld): (Clough and Scott 1989) ; Malaysia-A: (Putz and Chan 1986) ; Malaysia-B: (Ong et al. 1985) 
Conclusion
This study is one of the few to report allometric relationships for the biomass of common tropical mangroves which incorporate an estimate of the below-ground component.
As the below-ground component is a substantial proportion of tree biomass, these relationships should prove useful, particularly until similar work is done at other sites. Comparisons with published above-ground relationships indicate that results for different species and sites are often very similar, although substantial differences are sometimes observed. As a consequence, predictions for other sites, from the relationships reported here, may be considered reasonable, although tentative until the reasons for differences are better understood.
